Salmonella has evolved an intimate functional interface with its host. Central to this interface is a battery of bacterial proteins delivered into host cells via a specialized organelle termed the type III secretion system. A subset of these bacterial proteins stimulates cellular responses by activating the Rho family GTPases Cdc42 and Rac. Stimulation of these responses leads to actin cytoskeleton reorganization and the activation of cellular transcription factors that result in bacterial uptake and proinflammatory cytokine production. Remarkably, the cellular responses stimulated by Salmonella are quickly reversed by another bacterial protein, SptP, which exerts its function as a GTPase-activating protein (GAP) for Cdc42 and Rac. In addition to its GAP activity located within its amino-terminus, the carboxy-terminal domain of SptP possesses potent tyrosine phosphatase activity. We show here that the tyrosine phosphatase activity of SptP is involved in reversing the MAP kinase activation that results from Salmonella infection. We also demonstrate an important role for tyrosine kinases, including ACK, in the cellular responses induced by Salmonella. We also found that a potential target for the tyrosine phosphatase activity of SptP is the intermediate filament protein vimentin, which is recruited to the membrane ruffles stimulated by Salmonella.
Introduction
Salmonella spp. have evolved the ability to interact with host cells in a complex manner (Gala Ân and Zhou, 2000) . The terms of this interaction, shaped by the long-standing association between these bacteria and their vertebrate hosts, have been set to ensure not only the propagation of the pathogen but also the long-term survival of the host. Consequently, the emerging molecular details of this interaction exhibit not only remarkable mechanisms of pathogen modulation of cellular functions but also a variety of checks and balances to prevent overt cellular harm.
Among the earliest manifestations of Salmonellainduced cellular responses are profuse actin cytoskeleton rearrangements that result in bacterial uptake . In addition, Salmonella induces the rapid activation of the mitogen-activated protein (MAP) kinases Erk, Jnk and p38, which leads to nuclear responses and the production of proinflammatory cytokines (Hobbie et al., 1997) . Both processes are essential for pathogenicity. The ability of Salmonella to stimulate such cellular responses is strictly dependent on the function of a specialized organelle termed the type III secretion system (Gala Â n, 1999) . This organelle delivers into host cells a battery of bacterial proteins that have the capacity to modulate a variety of host cell functions. These bacterial effectors include two exchange factors for Rho family GTPases (SopE and SopE2) (Hardt et al., 1998; Bakshi et al., 2000; Stender et al., 2000) , an inositol phosphatase (SopB) (Norris et al., 1998; Zhou et al., 2000) and an actin-binding protein (SipA) (Zhou et al., 1999a) . SopE and SopE2, in conjunction with SopB, activate Cdc42-and Rac1-dependent signalling pathways leading to both actin cytoskeleton reorganization and nuclear responses . Consistent with these mechanisms, the expression of dominant-negative mutants of Cdc42 (Cdc42 N17 ) or Rac (Rac N17 ) prevents Salmonella-induced actin cytoskeleton rearrangements and nuclear responses (Chen et al., 1996) . The actin-binding protein SipA contributes to bacterial uptake by decreasing the critical concentration of actin and by increasing the bundling activity of T-plastin (fimbrin) (Zhou et al., 1999a,b) . Remarkably, the cellular changes stimulated by Salmonella are subsequently reversed by the bacteria themselves through the action of another effector protein of the type III secretion system termed SptP (Fu and Gala Â n, 1999) . Thus, shortly after bacterial infection, the actin cytoskeleton rearrangements as well as the degree of activation of the stress-activated kinase Jnk return to their basal state. In the absence of SptP, such rapid recovery does not take place (Fu and Gala Â n, 1999) . SptP is a modular protein composed of two discrete effector domains (Kaniga et al., 1996) . The amino-terminal domain exhibits sequence similarity to two other type III secreted proteins, YopE of Yersinia spp. (Forsberg and Wolf-Watz, 1990; Michiels et al., 1990) and ExoS of Pseudomonas aeruginosa (Kulich et al., 1994) . The carboxy-terminal domain shares sequence similarity with YopH from Yersinia spp. (Bolin and Wolf-Watz, 1988; Michiels and Cornelis, 1988) and eukaryotic tyrosine phosphatases. Consistent with its modular organization, SptP exhibits two independent biochemical activities. The amino-terminal domain possesses potent GTPase-activating protein (GAP) activity towards Cdc42 and Rac1 (Fu and Gala Â n, 1999) , whereas the carboxyl-terminal domain exhibits strong tyrosine phosphatase activity (Kaniga et al., 1996) .
The recent determination of the crystal structure of SptP bound to one of its cellular targets, Rac1, has confirmed the modular organization of this protein and has revealed interesting features that illuminate its mechanisms of action (Stebbins and Galan, 2000) . The aminoterminal domain of SptP does not show significant amino acid sequence similarity to any eukaryotic proteins. However, the crystal structure of the SptP±Rac1 transition state complex revealed that the Salmonella protein exhibits an unusual GAP architecture that mimics host cell functional homologues (Stebbins and Galan, 2000) . In contrast, the carboxy-terminal domain of SptP exhibits a canonical tyrosine phosphatase fold that aligns very well with the Yersinia YopH and the eukaryotic tyrosine phosphatase PTP1B, except for an amino-terminal helix that is present in most tyrosine phosphatase family members but absent from SptP. Besides the catalytic site that is highly conserved among all tyrosine phosphatases, the similarity between SptP and other related tyrosine phosphatases including YopH is limited to the hydrophobic core. Indeed, the SptP tyrosine phosphatase domain displays unique surface properties, which suggest the existence of unique substrates for this molecule within the host cell. It therefore appears that SptP is the result of two different evolutionary pathways. Although its GAP domain appears to be the result of convergent evolution, the tyrosine phosphatase domain is likely to have been acquired horizontally, presumably from a eukaryotic host.
The occurrence of the GAP and tyrosine phosphatase domains in a single molecule suggests a functional association between their independent biochemical activities. This notion is reinforced by the observation that the GAP and tyrosine phosphatase domains of SptP have developed a protein±protein interface burying < 1000 A Ê 2 (Stebbins and Galan, 2000) . However, the nature of the functional relationship, if any, between these domains of SptP is unknown.
Although recent functional and structural studies have provided considerable insight into the role of the GAP domain of SptP in the interaction of Salmonella with host cells, much less is known about the role of its carboxyterminal tyrosine phosphatase domain. A Salmonella typhimurium strain with a deletion in sptP is unable to reverse the actin cytoskeleton rearrangements induced during bacterial entry (Fu and Gala Ân, 1999) . However, the tyrosine phosphatase activity of SptP does not appear to be required for the recovery of the actin cytoskeleton. Indeed, the rebuilding of the normal architecture of the host cell that follows Salmonella entry appears to be mediated entirely by the GAP domain of SptP. This GAP activity reverses the activation of CDC42 and Rac, which are stimulated during bacterial entry (Fu and Gala Ân, 1999) .
The intimate association between the tyrosine phosphatase and GAP domains of SptP suggests that the tyrosine phosphatase might also facilitate the cell recovery process. This would also imply an important role for tyrosine kinases in Salmonella-induced cellular responses. Indeed, Salmonella infection of host cells leads to the tyrosine phosphorylation of several proteins including the EGF receptor (Gala Â n et al., 1992a) . However, the role of tyrosine kinases in Salmonella signalling has been the subject of apparently contradictory reports (Rosenshine et al., 1994) .
As a step towards characterizing the function of the tyrosine phosphatase domain of SptP, we have reexamined the role of phosphotyrosine signalling in Salmonella-induced cellular responses. We have found that the activation of the MAP kinase Erk and, to a lesser degree, the stimulation of Jnk and actin cytoskeleton rearrangements are sensitive to the tyrosine kinase inhibitor genistein, suggesting a role for tyrosine kinases in the nuclear responses induced by Salmonella. Consistent with the role of SptP in host cell recovery, we found that the tyrosine phosphatase domain of SptP functions to downmodulate Erk after its activation by Salmonella infection. Finally, we have identified vimentin, an intermediate filament protein that we show co-localizes with membrane ruffles during bacterial entry, as a potential substrate for the tyrosine phosphatase domain of SptP.
Results

Tyrosine phosphorylation of host proteins upon Salmonella interaction with host cells
As a first step towards the identification of potential substrates for the tyrosine phosphatase activity of SptP, we examined the effect of infection with various S. typhimurium strains on host cell tyrosine-phosphorylated proteins. We compared the pattern of tyrosine-phosphorylated proteins from intestinal Henle-407 cells infected with wild-type S. typhimurium, an sptP-null mutant derivative or an invA mutant strain, which is defective in the invasionassociated type III secretion system. A number of proteins, including polypeptides of < 40, 60±70, 110, 130 and 220 kDa, were tyrosine phosphorylated upon infection with wild-type S. typhimurium or its sptP mutant derivative (Fig. 1A) . In contrast, no proteins were significantly tyrosine phosphorylated upon infection with the type III secretiondefective invA mutant strain. The pattern of tyrosinephosphorylated proteins upon infection with wild type or the sptP-null mutant derivative was largely overlapping, although an < 70 kDa protein exhibited enhanced tyrosine phosphorylation in cells infected with the sptP mutant (Fig. 1A) . However, the main difference observed was the increased persistence over time of tyrosine-phosphorylated proteins in cells infected with the sptP mutant strain. Protein tyrosine phosphorylation in cells infected with wild type peaked < 20 min after infection (Fig. 1A) . In contrast, cells infected with the sptP null mutant exhibited prominent bacterial-induced protein tyrosine phosphorylation even 40 min after infection (Fig. 1A) . These results suggest that the substrates of the tyrosine phosphatase activity of SptP are proteins that are tyrosine phosphorylated upon bacterial infection. This is in sharp contrast to the related tyrosine phosphatase YopH from Yersinia spp., which exerts its activity on proteins that are tyrosine phosphorylated before bacterial infection (Bliska and Black, 1995; Fallman et al., 1995; Andersson et al., 1996; Black and Bliska, 1997; Persson et al., 1997) .
Taken together, these results indicate that Salmonella stimulates the tyrosine phosphorylation of a subset of cellular proteins upon signalling through effectors delivered by the Salmonella pathogenicity island (SPI)-1-associated type III secretion system. SptP, another substrate of the type III secretion system, subsequently contributes to the downmodulation of these cellular responses.
Role of phosphotyrosine signalling in Salmonella-induced actin cytoskeleton reorganization and entry into host cells
The identification of a set of host proteins whose degree of tyrosine phosphorylation is stimulated upon Salmonella interaction with host cells prompted us to examine the role of phosphotyrosine signalling in Salmonella-induced cellular responses. We first determined the concentration of the broad-spectrum tyrosine kinase inhibitor genistein, which was capable of preventing the tyrosine phosphorylation of host proteins as a consequence of Salmonella infection. As expected, treatment of cells with this inhibitor prevented the Salmonella-induced protein tyrosine phosphorylation (Fig. 1B) . Complete inhibition required treatment with 200 mM of the inhibitor. The pattern of tyrosinephosphorylated proteins was rapidly restored upon removal of genistein, indicating that the inhibition of protein tyrosine phosphorylation by this inhibitor was not the result of non-specific toxicity but rather of its effect on tyrosine kinases (Fig. 1B) . These and the previous results (Fig. 1A) indicate that signalling through the type III secretion system leads to the stimulation of a tyrosine kinase(s), resulting in the specific tyrosine phosphorylation of a subset of host proteins.
Previous studies have suggested that tyrosine kinases do not play a role in Salmonella invasion, as no inhibitory activity of the tyrosine kinase inhibitor genistein could be detected (Rosenshine et al., 1994) . We similarly found only a modest inhibitory effect on Salmonella entry at lower concentrations of genistein (up to 100 mM), as measured by the gentamicin protection assay (Table 1) or fluorescence microscopy ( Fig. 2A) . However, we found a marked inhibition of Salmonella invasion upon treatment with 200 mM genistein (Table 1 and Fig. 2A) , which is the concentration of this inhibitor that we found to be required to block bacterial-induced tyrosine phosphorylation of host-cell proteins completely (Fig. 1B) . The inhibition of bacterial entry was associated with a dramatic block of the actin cytoskeletal rearrangements that follow Salmonella infection (data not shown). Removal of genistein resulted in the immediate almost complete reversal of the inhibition of the Salmonella-induced actin cytoskeleton rearrangements A. Cells were treated with the tyrosine kinase inhibitor genistein as indicated in Experimental procedures and then infected with S. typhimurium for 20 min. Internalized bacteria were measured using a fluorescence microscopy assay that distinguishes extracellular from intracellular bacteria as described previously (Chen et al., 1996) . In this assay, internalized bacteria appear red, while extracellular bacteria appear green. A representative field and the quantification of bacterial internalization are shown. At least 50 cells were scored per treatment, and the data were normalized considering 100% as the levels of entry of wild-type S. typhimurium in the absence of genistein. The indicated`chase' samples were treated as follows. 200 a : infected cells were treated with genistein for 20 min, the inhibitor was washed out, the infection continued for an additional 40 min, and the internalized bacteria were assayed as indicated above. 200 b : the sample was treated identically to 200 a but genistein was present throughout the infection. B. Effect of tyrosine kinase inhibitors on SopEmediated actin cytoskeleton rearrangements. Cells were treated with genistein or DMSO control and then microinjected with purified GST±SopE protein, which is an exchange factor for Rho family GTPases, along with FITC-labelled dextran to identify microinjected cells. Forty minutes after microinjection, cells were fixed and stained with rhodamine-labelled phalloidin to visualize the actin cytoskeleton. The percentage of microinjected cells undergoing actin cytoskeleton rearrangements and membrane ruffling was determined by examination under the fluorescence microscope. The number of cells examined is indicated. a. Bacterial internalization was measured after 60 min of infection by the gentamicin protection assay as described in Experimental procedures.
Values are the mean and standard deviation of three independent determinations and represent the percentage of the inoculum that survived the gentamicin treatment. b. Infection was carried out for 1 h in the presence of the inhibitor, followed by an additional hour of incubation after washing out the inhibitor.
and bacterial entry, indicating that the host cells are otherwise competent for bacterial entry and that the inhibitory effect was unlikely to be caused by non-specific toxicity of the inhibitor (Table 1 and Fig. 2A ). Salmonella entry is the consequence of the activation of the Rho family GTPases Cdc42 and Rac1 by the bacterial-encoded exchange factors SopE and SopE2 (Gala Â n and . To characterize the potential role of tyrosine kinases on Salmonella-induced signalling in more detail, we examined the effect of the tyrosine kinase inhibitor genistein on the actin cytoskeleton rearrangements induced by the microinjection of purified glutathione S-transferase (GST)±SopE protein. Previous studies have shown that microinjection of GST±SopE results in the stimulation of profuse membrane ruffling and actin cytoskeleton rearrangements (Hardt et al., 1998) . Henle-407 cells were microinjected with a solution containing 0.5 mg ml 21 purified GST±SopE, and the actin cytoskeleton rearrangements in the presence or absence of genistein were examined by rhodamine phalloidin and fluorescence microscopy. As shown in Fig. 2B , the addition of 200 mM genistein resulted in an almost complete block of SopE-induced membrane ruffling and actin cytoskeleton rearrangements. These results indicate the requirement for a tyrosine kinase downstream of Cdc42 and Rac1 for Salmonella-induced actin cytoskeleton rearrangements and bacterial entry.
Role of phosphotyrosine signalling in Salmonella-induced nuclear responses
We have shown previously that Salmonella infection results in the activation of the MAP kinases Erk and Jnk (Pace et al., 1993; Hobbie et al., 1997) and that such activation depends on the function of the Rho GTPase Cdc42 (Chen et al., 1996) . To determine whether tyrosine kinases play a role in Salmonella-induced nuclear responses, we examined the effect of genistein on the activation of the MAP kinases Erk and Jnk. The addition of genistein at concentrations as low as 10 mM resulted in significant inhibition of Salmonella-induced Erk activation (Fig. 3A) . Genistein inhibition of Salmonella-induced Erk activation is unlikely to be the result of non-specific toxicity, as removal of genistein applied at a concentration as high as 200 mM resulted in a complete reversal of its inhibitory effect (Fig. 3A) . The addition of genistein also resulted in a significant inhibition of Salmonella-induced Jnk activation. However, in this case, significant inhibition was only observed after the addition of at least 100 mM inhibitor (Fig. 3A) . Previous studies have established that Salmonellainduced Jnk activation is mediated by the bacterial effector proteins SopB, SopE and SopE2, which exert their function upstream of Cdc42 and Rac1 (Hardt et al., Fig. 3 . A. Salmonella stimulation of MAP kinase pathways requires tyrosine kinases. Intestinal Henle-407 cells were infected with different strains of S. typhimurium for 45 min in the presence or absence of different amounts of the tyrosine kinase inhibitor genistein. The levels of activation of Erk or Jnk kinases were determined by Western blot analysis using antibodies specific for the phosphorylated forms of these kinases. As a control for kinase levels in the different samples, blots were reprobed with antibodies directed to either Erk or Jnk. Where indicated (`chase'), infected cells were treated with the inhibitor for 20 min, the inhibitor was washed, the infection continued for an additional 30 min, and the levels of Erk and Jnk activation were determined as indicated above. B. Multiple type III secreted effector proteins are required for Salmonella stimulation of MAP kinases. Intestinal epithelial cells were infected with different mutant strains of S. typhimurium for 45 min, and the levels of activation of Erk or Jnk kinases were determined by Western blot analysis using antibodies specific for the phosphorylated forms of these kinases. As a control for kinase levels in the different samples, blots were reprobed with antibodies directed to either Erk or Jnk.
1998; Zhou et al., 2000) . As the addition of the tyrosine kinase inhibitor had a more profound effect on Erk than on Jnk activation, we wanted to determine whether the same bacterial effector proteins were also implicated in the activation of these pathways. We examined the levels of phosphorylated Erk and phosphorylated Jnk after infection with wild-type S. typhimurium and a series of mutants defective in specific type III secreted effector proteins either alone or in combination (Fig. 3B) . Mutation in sopE, sopE2 or sopB, which encode activators of Cdc42 and Rac1, resulted in a reduction in the ability of Salmonella to activate Erk or Jnk (Fig. 3B) . Nevertheless, each of these mutant strains retained a significant capacity to stimulate these kinases. In contrast, Salmonella strains simultaneously deficient in these three effector proteins were completely defective in the activation of both Erk and Jnk. These results indicate that Salmonella uses the same effectors, SopE, SopE2 and SopB, to stimulate both Jnk and Erk signalling pathways through the activation of Cdc42 and/or Rac1. Our data also indicate that SopE2 plays a more important role in the activation of Erk than of Jnk, as a mutant defective in sopE and sopB retains the ability to stimulate Erk but not Jnk.
Erk is required for Salmonella-induced interleukin (IL)-8 production
It has been shown previously that mutations in the AP-1 or NF-kB binding sites of the IL-8 promoter completely abolished the ability of Salmonella to stimulate its expression (Hobbie et al., 1997) . Furthermore, it was shown that Salmonella infection of cultured cells induces NF-kB activation and increases the nuclear levels of cJun, a component of the AP-1 transcription factor (Hobbie et al., 1997) . Stimulation of these responses was strictly dependent on the invasion-associated type III secretion system, as an invA mutant strain defective in this system was unable to stimulate NF-kB or AP-1 activation (Chen et al., 1996; Hobbie et al., 1997) . These results therefore implicate the participation of both transcription factors in Salmonella-induced nuclear responses. The activation of these transcription factors most probably results from the activation of the MAP kinase pathways by the Salmonella type III secretion system, as an inhibitor of the p38 stressactivated kinase blocks bacterial-induced IL-8 production (Hobbie et al., 1997) . However, the role of Erk in the Salmonella-induced nuclear responses has not been investigated. To evaluate the biological significance of the Salmonella-induced Erk activation, we examined the effect of U0126, a specific inhibitor of Mek-1 and Mek-2, the activator kinases of Erk-1 and Erk-2 (Duncia et al., 1998; Favata et al., 1998) . Henle-407 cells were pretreated with 10 mM U0126 as indicated in Experimental procedures and subsequently infected with either wild-type S. typhimurium or an isogenic invA mutant derivative. At this concentration, U0126 completely inhibited Salmonellainduced Erk activation without any effect on Jnk activation (data not shown). The addition of the Mek-1 inhibitor completely abolished IL-8 synthesis (Fig. 4) , indicating that activation of Erk is required for Salmonella-induced cytokine production.
The tyrosine phosphatase activity of SptP downmodulates ERK activation after Salmonella entry
The observation that Salmonella-induced Erk activation is dependent on the activity of tyrosine kinases prompted us to analyse the effect of SptP on Erk activation. We examined the levels of activated phospho-Erk after infection of intestinal Henle-407 cells with wild-type S. typhimurium, a type III secretion-defective invA mutant or an sptP deletion mutant strain (Fig. 5) . No difference was observed in the levels of phospho-Erk after infection with wild-type or the sptP deletion mutant strains at earlier time points after infection (Fig. 5) . However, by 120 min after infection, the level of phospho-Erk in the DsptP-infected cells was distinctly higher than in cells infected with wildtype S. typhimurium (Fig. 5) . As expected, infection with the type III secretion-defective mutant did not result in significant Erk activation (Fig. 5) . To characterize which domain of SptP is responsible for the downmodulation of Erk signalling, we compared the levels of phospho-Erk in ) with an otherwise identical strain expressing wild-type SptP (Fig. 5) . At early time points, a similar degree of Erk activation was observed in cells infected with either of these two strains. However, the levels of activated phospho-Erk persisted longer in cells infected with the strain expressing the phosphatase-inactive SptP C481S mutant (Fig. 5) . As a functional amino-terminal GAP domain is present in this mutant strain, these results indicate that the tyrosine phosphatase domain of SptP is responsible for the downregulation of Erk activation after Salmonella infection. As the GAP activity of SptP is involved in the downregulation of Rho-GTPase-mediated actin cytoskeleton rearrangements (Fu and Gala Â n, 1999) , these results are consistent with the notion that SptP is responsible for the reversion of Salmonella-stimulated cellular responses to ensure the recovery of the host cell after bacterial invasion.
Salmonella activates the ACK tyrosine kinase in a type III secretion-dependent manner The experiments described above showed that Salmonella-induced nuclear responses and, to a lesser extent, the actin cytoskeletal rearrangements are sensitive to inhibition by the tyrosine kinase inhibitor genistein. These observations, in conjunction with the observation that Salmonella stimulates marked tyrosine phosphorylation of host proteins, suggest that tyrosine kinases play a significant role in these bacterial-induced cellular responses. Previous studies have demonstrated that Salmonella stimulates actin reorganization and nuclear responses by directly activating the Rho family GTPases CDC42 and Rac1 (Chen et al., 1996; Hardt et al., 1998) . Together, these observations suggest an important role for tyrosine kinases operating downstream of Cdc42 or Rac1. Two highly related tyrosine kinases, ACK-1 and its splice variant ACK-2, have been identified as potential targets of Cdc42 (Manser et al., 1993; Yang and Cerione, 1997) . These tyrosine kinases possess a Cdc42-interacting binding domain (CRIB) and, consequently, can associate with the activated form of this GTPase. Although a variety of stimuli has been shown to activate these kinases (Satoh et al., 1996; Yang et al., 1999; Kiyono et al., 2000; Linseman et al., 2001; Teo et al., 2001) , their specific function is not known. We examined whether Salmonella interaction with cultured cells leads to ACK activation. COS-1 cells were transfected with plasmids expressing wild-type ACK-2, a kinase-inactive mutant (ACK-2 K100R ) or the plasmid vector alone. Twentyfour hours after transfection, the cells were infected with wild-type S. typhimurium, the DsptP or the type III secretion-defective invA mutant derivatives. As shown in Fig. 6 , infection with wild-type or DsptP S. typhimurium but not with the invA mutant strain resulted in the stimulation of ACK, as shown by an increase in its tyrosine phosphorylation as a consequence of its autoactivation. These results Intestinal Henle-407 cells were infected with different strains of S. typhimurium for various times, and the levels of activation of Erk were determined by Western blot analysis using an antibody specific for the phosphorylated form of this kinase. As a control for kinase levels in the different samples, blots were reprobed with antibodies directed to Erk. Fig. 6 . Salmonella activates ACK in a type III secretion-dependent manner. COS-1 cells were transfected with a plasmid expressing myc epitope-tagged ACK, the kinase-defective mutant ACK K100R or the empty vector. Twenty-four hours after transfection, cells were infected with different strains of S. typhimurium, and the levels of activated (tyrosine-phosphorylated) ACK were determined by Western blot analysis with the 4G10 monoclonal antibody specific for phosphotyrosine. Expression levels of the ACK constructs in the cell lysates were determined by immunoblot analysis with an antibody specific to the myc epitope tag.
indicate that Salmonella activates the tyrosine kinase ACK and that such activation requires the function of the invasion-associated type III secretion system.
ACK is required for efficient Salmonella-induced Erk activation
Salmonella-induced Erk activation is highly sensitive to the addition of tyrosine kinase inhibitors and is strictly dependent on the bacterial-encoded Cdc42 activator proteins SopE, SopE2 and SopB. These observations suggest the requirement for tyrosine kinases operating downstream of Cdc42 for efficient bacterial-induced Erk activation. A candidate tyrosine kinase to carry out this function is ACK, which is activated by Salmonella infection (see above). We therefore investigated the requirement of ACK for Salmonella-induced Erk activation. COS-1 cells were co-transfected with a plasmid encoding a myc epitope-tagged Erk along with a vector encoding wild-type ACK-2, a kinase-inactive mutant (ACK-2 K100R ) or the plasmid vector alone. Twenty-four hours after transfection, the cells were infected with wildtype S. typhimurium, the DsptP or the type III secretiondefective invA mutant derivatives, and Erk activity was measured in an immunocomplex kinase assay as described in Experimental procedures. Expression of the kinase-defective ACK-2 K100R mutant resulted in inhibition of Salmonella-induced Erk activation (Fig. 7) . Furthermore, expression of wild-type ACK-2 resulted in increased Erk activation upon infection with wild-type or DsptP S. typhimurium. Such an increase was not observed upon infection with the type III secretiondefective invA mutant strain, indicating that the enhanced Erk activation observed in cells expressing wild-type ACK was the consequence of specific Salmonella-induced signalling through this tyrosine kinase (Fig. 7) . These results indicate that ACK is required for efficient Salmonella-induced Erk activation and is consistent with the requirement of the Salmonella-encoded Cdc42 activators (i.e. SopE, SopE2 and SopB) to stimulate these responses.
Identification of vimentin as a potential substrate of the tyrosine phosphatase activity of SptP
The results described above indicate that the tyrosine phosphatase domain of SptP is required for the downmodulation of signalling pathways leading to Erk activation and perhaps other responses. To exert its effect, SptP must oppose the activity of a tyrosine kinase presumably operating downstream of Cdc42 or Rac1.
To identify potential host cellular proteins that could serve as substrates for the tyrosine phosphatase activity of SptP, we carried out a yeast two-hybrid screen of a HeLa cell cDNA library with a fusion protein of the Gal4 DNAbinding domain and the carboxy-terminal half of SptP as bait. We introduced mutations in SptP (SptP D441AC481S ) to create a derivative that could act as a substrate trap (see Experimental procedures). Equivalent mutations in other tyrosine phosphatases have been shown to bind and trap their respective substrates, thereby serving as powerful tools for identifying potential tyrosine-phosphorylated protein substrates (Bliska et al., 1992; Black and Bliska, 1997; Flint et al., 1997 ). An initial screen with this construct failed to identify any interacting proteins. We reasoned that tyrosine phosphorylation of the potential substrates may be a requirement for their interaction with SptP and, therefore, we modified our search strategy. As tyrosine phosphorylation is not prominent in yeast, we introduced into the recipient yeast strain a plasmid that expresses the tyrosine kinase Src in an attempt to induce the tyrosine phosphorylation of the potential SptP substrate proteins. Out of 1.6 Â 10 7 clones screened, two clones encoding the carboxyl-terminal half of the required Src, as the interaction was reduced to almost background levels in the absence of this tyrosine kinase (data not shown). This is consistent with our failure to identify Gal4±SptP-interacting proteins in the absence of a tyrosine kinase. The protein tyrosine kinase Src has broad specificity (Thomas and Brugge, 1997) , which could alter the specificity of the yeast two-hybrid screen. Salmonella infection results in the activation of ACK, which is required for efficient Salmonella-induced Erk activation. Unlike Src, overexpression of ACK does not result in a detectable general increase in endogenous protein tyrosine phosphorylation in either yeast or mammalian cells (Fig. 6 ; data not shown). This is consistent with a much narrower substrate specificity of ACK in comparison with Src (Manser et al., 1993; Yang and Cerione, 1997) . Therefore, in an attempt to increase the specificity of the yeast two-hybrid screen, we introduced into the recipient yeast strain a plasmid expressing the ACK-2 tyrosine kinase under a constitutive promoter. Using this strain, we then carried out a screen of a HeLa cell cDNA library for potential SptP-interacting proteins using Gal4±SptP D441AC481S as a bait. A screening of < 5 Â 10 7 clones under these conditions identified six clones that encoded the intermediate filament protein vimentin (Fig. 8A) 
Transfection of ACK and activation of CDC42-dependent signalling pathways increase SptP±vimentin interaction
As the expression of ACK allowed the interaction of SptP and vimentin in the yeast two-hybrid assay, we examined whether increasing ACK expression would increase the efficiency of the SptP±vimentin interaction. Transfection of an ACK expression vector into COS-1 cells significantly increased the levels of vimentin pulled down by GST± SptP D441A (Fig. 9A ). This interaction was readily detectable in cell lysates from a single 70% confluent 10 cm dish. In contrast, in the absence of ACK overexpression, twice as many cells were required to detect the SptP± vimentin interaction (Fig. 8B) . As the expression of ACK does not grossly affect the pattern of tyrosine-phosphorylated proteins ( Fig. 6 ; data not shown) because of its seemingly narrow substrate specificity, the increased efficiency of vimentin pull-down by SptP D441A in ACKtransfected cells is unlikely to result from an overall general increase in protein tyrosine phosphorylation. As ACK is an effector of Cdc42, we examined whether stimulation of signalling through this GTPase was sufficient to increase the pool of vimentin capable of interacting with the tyrosine phosphatase SptP without ACK overexpression. Salmonella activates CDC42-dependent signalling during bacterial entry via effector proteins translocated by the type III secretion system such as the exchange factors SopE and SopE2. We therefore tested whether transient expression of SopE resulted in an increase in the SptP-interacting pool of vimentin. As shown in Fig. 9B , the levels of vimentin competent for SptP binding in SopE-transfected cells were equivalent to the levels in cells transfected with wild-type ACK and significantly higher than the levels in cells transfected with the vector alone. Consistent with the hypothesis that this effect of SopE is exerted through its ability to activate Cdc42, transient expression of a constitutively active mutant of Cdc42 (Cdc42 L61 ) resulted in an equivalent increase in the vimentin pool capable of interacting with SptP (Fig. 9C) . Thus, signalling associated with the activation of CDC42-dependent pathways, which is required for Salmonella entry, enhances the accessibility of vimentin as a substrate for SptP binding.
Vimentin is recruited to Salmonella-induced ruffles
Intermediate filaments are organized in a complex and highly dynamic meshwork of proteins such as vimentin, desmin, peripherin, etc. (Fuchs and Cleveland, 1998; Chou and Goldman, 2000) . The protein subunits undergo continuous cycling of disassembly and reassembly in response to a variety of stimuli including growth factors and cell cycle progression. Several protein kinases have been implicated in the phosphorylation of intermediate filament proteins, and there is good evidence indicating that phosphorylation regulates the assembly and distribution of the intermediate filament network. The identification of vimentin as a potential target for the tyrosine phosphatase SptP prompted us to examine whether Salmonella infection of host cells affected the distribution and organization of the vimentin intermediate filament network. Ref52 cells were infected with wild-type S. typhimurium or a non-invasive invA mutant strain for 20 min, stained with an anti-vimentin antibody and examined by confocal microscopy (Fig. 10) . Infection of intestinal epithelial cells with wild-type S. typhimurium resulted in a marked disruption of the vimentin microfilament network. In addition, vimentin was recruited to the bacterial-induced membrane ruffles. The changes in vimentin distribution were strictly dependent on the function of the invasionassociated type III secretion system, as a strain carrying a mutation in invA, which encodes an essential component of this system, was unable to cause these changes. These results indicate that Salmonella-stimulated cell signalling A. COS-1 cells were transfected with a plasmid expressing myc epitope-tagged ACK or the empty vector, and the interaction of SptP with vimentin in cell lysates was examined with a GST pull-down assay. B. COS-1 cells were transfected with a plasmid expressing the Salmonella Rho GTPase exchange factor SopE, ACK or the constitutive active Cdc42 L61 mutant, and the interaction of SptP with vimentin in cell lysates was examined with a GST pull-down assay as indicated above.
results in the reorganization of the intermediate filament vimentin network.
Discussion
Salmonella has evolved a sophisticated functional interface with its host cell, a consequence of its long-standing close association with vertebrates. This functional interface involves the stimulation of a variety of cellular responses, including marked actin cytoskeleton rearrangements and MAP kinase activation, leading to bacterial internalization and proinflammatory cytokine production (Gala Â n and . The ability of Salmonella to stimulate these cellular responses depends on the function of a type III protein secretion and translocation system encoded within a pathogenicity island located at centisome 63 of its chromosome (Gala Â n, 1999) . This system delivers into the host cell a battery of bacterial proteins that have the capacity to modulate the function of the Rho-GTPase protein family members Cdc42 and Rac. At least three bacterial proteins have the ability to activate these molecular switches. Two of them, SopE and SopE2, carry out this function by directly catalysing exchange of GDP for GTP on Cdc42 and Rac (Hardt et al., 1998; Stender et al., 2000) . Another bacterial protein, SopB, activates Cdc42 indirectly, presumably through its ability to stimulate phosphoinositide metabolism . To re-establish host cell integrity upon entry, Salmonella has evolved the ability to reverse the activation of Cdc42 and Rac by injecting another type III-secreted protein, SptP, which is a GTPase-activating protein (GAP) for both Cdc42 and Rac (Fu and Gala Â n, 1999) .
In addition to its GAP activity, which is localized to its amino-terminal half, SptP possesses a carboxyl-terminal domain that exhibits potent tyrosine phosphatase activity (Kaniga et al., 1996; Stebbins and Galan, 2000) . In an effort to understand the functional significance of this domain, we have examined the role of tyrosine kinases in Salmonella-induced cell signalling. Indeed, the presence of an active tyrosine phosphatase among the battery of effector proteins delivered by these bacteria to the host cell argues strongly for an important role for tyrosine kinases in Salmonella±host cell interactions. Consistent with the involvement of tyrosine kinases in Salmonellainduced signalling, bacterial infection resulted in the rapid tyrosine phosphorylation of a subset of cellular proteins. The addition of the tyrosine kinase inhibitor genistein effectively blocked Salmonella-induced protein tyrosine phosphorylation and blocked actin cytoskeleton rearrangements, bacterial entry and the activation of the MAP kinase pathways. These results argue for an important role for tyrosine kinases in Salmonella-induced responses and are in apparent contradiction with a previous report suggesting a lack of involvement of tyrosine kinases in Salmonella entry into host cells (Rosenshine et al., 1994) . However, those studies were carried out using a concentration of genistein that would not have been sufficient to prevent bacterial-induced protein tyrosine phosphorylation fully (see Fig. 1 ). Addition of the inhibitor at a concentration capable of preventing bacterial-induced protein tyrosine phosphorylation completely blocked bacterial entry and actin cytoskeleton rearrangements. This inhibition was unlikely to result from non-specific toxicity of the inhibitor, as its removal resulted in a complete and rapid reversal of the inhibitory effect on Fig. 10 . Recruitment of vimentin to the Salmonella-induced membrane ruffles. Ref52 cells were infected with wild-type S. typhimurium for 20 min, and cells were fixed and stained with an antibody to vimentin and rhodamine-labelled phalloidin to stain F-actin. Stained cells were visualized under a confocal microscope. Arrows denote the Salmonellainduced membrane ruffles. bacterial entry. Salmonella entry is strictly dependent on the actin-organizing activity of the Rho family GTPases Cdc42 and Rac. It has been shown that tyrosine kinases are required for Rho family GTPase-mediated actin cytoskeleton reorganization and that the addition of genistein or other tyrosine kinase inhibitors blocks these responses (Ridley and Hall, 1994; Nobes et al., 1995) . The requirement of tyrosine kinases for Salmonella internalization is therefore consistent with these observations. The requirement of tyrosine kinases for Salmonella stimulation of the MAP kinase pathways appears to be even more stringent, as concentrations of genistein as low as 10 mM significantly inhibited bacterial-induced Erk activation.
Which tyrosine kinases may be involved in Salmonellainduced signalling? As Salmonella engages the signalling machinery directly at the level of Cdc42 and Rac through the injection of activators of these GTPases, the tyrosine kinases involved in Salmonella-induced responses must act downstream of these GTPases. Two highly related tyrosine kinases that are effectors of Cdc42 have been identified: ACK-1 and the splice variant ACK-2 (Manser et al., 1993; Yang and Cerione, 1997) . We have shown here that Salmonella activates ACK in a manner that is strictly dependent on the presence of a functional invasion-associated type III secretion system, as a mutant defective in this organelle failed to activate this tyrosine kinase. Furthermore, we showed that the expression of a dominant-negative, kinase-defective ACK mutant resulted in the inhibition of Salmonella-induced Erk activation and that overexpression of ACK led to stronger bacterialinduced Erk activation. However, the tyrosine kinase activity of ACK does not appear to be required for Salmonella internalization, as the expression of a kinase-defective mutant did not affect bacterial entry (data not shown). Therefore, these results indicate that ACK and, most probably, other tyrosine kinases are involved in Salmonella-induced cellular responses. It was shown recently that ACK stimulates the activity of the Ras guanine nucleotide exchange factor GRF-1 by tyrosine phosphorylation, potentially coupling Cdc42-and Rasdependent signalling pathways (Kiyono et al., 2000) . It is therefore possible that activation of Cdc42 by the Salmonella effectors will lead to the activation of Rasdependent signalling pathways leading to Erk activation. Experiments are under way to test this hypothesis.
The increased tyrosine phosphorylation of host proteins observed in cells infected with wild-type Salmonella was transient and relatively short lived. In contrast, protein tyrosine phosphorylation persisted much longer in cells infected with a strain lacking SptP. These results suggest that SptP must exert its phosphatase activity upon proteins that are tyrosine phosphorylated as a consequence of the interaction of Salmonella with host cells. Therefore, the activity of SptP is significantly different from that of the related Yersinia tyrosine phosphatase YopH, which exerts its phosphatase activity upon cellular substrates that are tyrosine phosphorylated before bacterial contact (Bliska and Black, 1995; Fallman et al., 1995; Andersson et al., 1996; Black and Bliska, 1997; Persson et al., 1997) . YopH disrupts phagocytosis by dephosphorylating the focal adhesion protein p130 cas and the focal adhesion kinase (Black and Bliska, 1997; Persson et al., 1997) . In contrast, the proposed function of the tyrosine phosphatase domain of SptP would be more in keeping with the function of its amino-terminal GAP domain, which is the reversal of the bacterialinduced cellular responses to ensure the fitness of the host cell after bacterial invasion (Fu and Gala Â n, 1999) . The different functions are in keeping with the significantly different surface properties observed between these two molecules (Stebbins and Galan, 2000) . How does the SptP tyrosine phosphatase domain contribute to the downregulation of the bacterial-induced cellular responses? Undoubtedly, the SptP tyrosine phosphatase activity must be opposing the function of a tyrosine kinase by dephosphorylating substrate proteins. To identify potential substrates of the SptP tyrosine kinase activity, we conducted a yeast two-hybrid screen using the tyrosine phosphatase domain of SptP as a bait. To enhance tyrosine phosphorylation in the yeast host strain, we also expressed the tyrosine kinases Src or ACK-2. In addition, to enhance the stability of the potential interactions of SptP with its putative tyrosinephosphorylated substrates, we introduced mutations that have been shown to stabilize the interaction of various phosphatases with their substrates (Bliska et al., 1992; Flint et al., 1997) . Two independent screens conducted in the presence of Src or ACK-2 identified the same clone encoding the intermediate filament protein vimentin (Evans, 1998 (Fuchs and Cleveland, 1998; Chou and Goldman, 2000) . Vimentin has been implicated directly in the regulation of various signalling events. For example, it has been shown recently that phosphorylated vimentin sequesters 14-3-3 proteins, thereby preventing their association with other signalling components such as the Raf or Wee1 kinases (Tzivion et al., 2000) . Thus, by sequestering 14-3-3 proteins, it is thought that vimentin influences the activation of these kinases, thereby modulating the signalling events in which they are implicated. Although it is well documented that serine/ threonine phosphorylation regulates the activity of intermediate filament proteins including vimentin, less attention has been paid to the potential role of tyrosine phosphorylation in the regulation of the activity of this family of proteins. The tyrosine phosphorylation of vimentin as a consequence of stimulation with a variety of agonists is well documented (Valgeirsdottir et al., 1998; Yeung et al., 1998; Meriane et al., 2000; Yanagida et al., 2000) . For example, stimulation of platelet-derived growth factor (PDGF) leads to the tyrosine phosphorylation of vimentin and a marked reorganization of the vimentin intermediate filament network (Valgeirsdottir et al., 1998) . Interestingly, these and other studies have demonstrated that these responses required the small GTPases Rac1 and Cdc42, establishing a link between the modulation of the vimentin intermediate filament network and Rho family GTPases (Valgeirsdottir et al., 1998; Meriane et al., 2000) . Our studies implicating vimentin in Cdc42-and Rac-dependent Salmonella-induced cellular responses are entirely consistent with these observations. We propose that vimentin may serve as a scaffold for signalling complexes required for Salmonella-induced MAP kinase activation and that such activity may be regulated by tyrosine phosphorylation. In this model, the tyrosine phosphatase domain of SptP would interfere with the putative scaffolding activity of vimentin, thereby influencing MAP kinase activation. Indeed, tyrosinephosphorylated vimentin has been observed in signalling complexes after stimulation with a variety of agonists (Ciesielski-Treska et al., 1995; Bates et al., 1998; Yeung et al., 1998; Yanagida et al., 2000) . In addition to vimentin, however, it is likely that there other tyrosine-phosphorylated proteins upon which SptP may exert its function.
In summary, we have demonstrated an important role for tyrosine kinases in Salmonella-induced cellular responses. In addition, we have provided insight into the function of the tyrosine phosphatase domain SptP and identified vimentin as one potential target for this Salmonella effector protein. Our studies also suggest important insights into the function of the tyrosine kinase ACK and suggest a potential novel activity for the intermediate filament protein vimentin, a further demonstration that the study of the intimate interactions between microbial pathogens and host cells can illuminate basic aspects of cell biology.
Experimental procedures
Bacterial strains
The wild-type S. typhimurium strain SB300 and its mutant derivatives with a non-polar mutation in invA, sptP, sopE, sopE2 or sopB have been described previously (Gala Â n et al., 1992b; Kaniga et al., 1996; Zhou et al., 2000) . A merodiploid strain that expresses catalytically inactive full-length SptP was constructed by integration of a suicide vector (Kaniga et al., 1994) ) residues in SptP abolish tyrosine phosphatase activity and create a`substrate trap' (Bliska et al., 1992; Garton et al., 1996; Flint et al., 1997) . The site-directed mutants were constructed by standard procedures (Maniatis et al., 1989) . A Salmonella strain derivative of the sptP::aphT mutant strain (Kaniga et al., 1996) expressing a wild-type copy of SptP encoded by an integrated suicide plasmid vector was constructed to use as a control for several experiments. In all cases, bacterial strains were grown under conditions that maximized the expression of the invasion-associated type III secretion system. Briefly, bacteria were grown on LB broth containing 0.3 M NaCl to an OD 600 of 0.9 under low-aeration conditions.
Phosphotyrosine, Erk and Jnk kinase assays and cytokine measurements
Henle-407 intestinal epithelial cells were grown in 6 cm tissue culture dishes and infected with the indicated S. typhimurium strains at a multiplicity of infection (MOI) of < 20. For the analysis of host cell tyrosine-phosphorylated proteins, cell lysates were harvested at the indicated times, equalized for total protein with the BCA protein assay (Pierce), loaded on SDS±PAGE gels and analysed by Western blotting using 4G10, a monoclonal antibody to phosphotyrosine (Upstate Biotechnology). When appropriate, the cells were pretreated for 20 min with the indicated concentration of genistein dissolved in DMSO (Sigma). Control cells were treated with DMSO for the same length of time. Unless otherwise indicated, genistein was present throughout the infection. In the samples labelled`chase', cells were pretreated for 20 min with the indicated concentration of genistein, and the inhibitor was washed out at the time of addition of the bacteria. The activation of Erk and Jnk was assayed with antibodies specific for the phosphorylated form of these kinases as indicated by the manufacturer (New England Biolabs). Briefly, Henle-407 cells in 6 cm dishes were serum starved for 24 h before the assay, cell lysates were harvested 45 min after infection in the presence or absence of genistein, and activated Erk and Jnk were visualized with antibodies specific for the phosphorylated form of these kinases. To assess the levels of these kinases in the different samples, blots were reprobed with antibodies directed to either Jnk or Erk. In some experiments, Erk activation was determined by an Salmonella tyrosine phosphatase 807 immunocomplex kinase assay as described previously (Hardt et al., 1998) . Cytokine measurements were carried out as described previously (Hobbie et al., 1997 ) using a Quantikine assay system (R and D Systems). When indicated, the Mek inhibitor U0126 (Cell Signaling Technology) (Duncia et al., 1998; Favata et al., 1998) was added at 10 mM final concentration 20 min before bacterial infection.
Bacterial internalization
Gentamicin protection assays for bacterial internalization were carried out as described previously (Gala Â n et al., 1992b; Kaniga et al., 1996) . When appropriate, the cells were pretreated for 20 min with the indicated concentration of genistein dissolved in DMSO. Control cells were treated with DMSO for the same length of time. Unless otherwise indicated, genistein was present throughout the infection. In samples labelled`chase', genistein was washed out at the indicated time, and the incubations continued for 40 min. For bacterial invasion measured by fluorescence microscopy, Henle-407 cells were grown on coverslips in 24-well dishes and infected at an MOI of < 20 in the presence or absence of genistein as described above. At the indicated times, the cells were fixed with 3.7% formaldehyde, and the internalized bacteria were visualized by a protocol that distinguishes between extracellular and intracellular bacteria as described previously (Chen et al., 1996) .
Microinjection, transfection and immunofluorescence microscopy
Microinjection, transfection and immunofluorescence microscopy were carried out as described previously (Fu and Gala Â n, 1998) . Actin was visualized with rhodamine-conjugated phalloidin (Molecular Probes). Vimentin was visualized using a combination of goat anti-vimentin antibodies (Sigma) and rabbit anti-goat antibody conjugated to fluorescein isothiocyanate (FITC; Vector Labs). Cells were visualized under a confocal microscope (Zeiss LSM 510).
Yeast two-hybrid screen
The yeast two-hybrid screen was carried out according to standard procedures (Bartel and Fields, 1995) . The bait was constructed by fusing the carboxy-terminal half of SptP (residues 276±543) containing the D 441A and C 481S mutations described above to the yeast GAL4 DNA-binding domain in pGBT9. The D 441A and C 481S mutations were used to stabilize the interaction between SptP and its binding partners (Bliska et al., 1992; Garton et al., 1996; Flint et al., 1997) . The Src and ACK tyrosine kinase was placed under the control of a constitutive yeast promoter and cloned onto the bait plasmid to increase the basal level of tyrosine phosphorylation in yeast. A HeLa cell cDNA library constructed by oligo(dT) priming in pGAD-GH (kindly provided by X. Bustelo, SUNY Stony Brook, NY, USA) was transformed with the Gal4±SptP 2762543/D441AC481S plasmid encoding Src or ACK. Transformants were screened for interacting proteins using standard protocols (Bartel and Fields, 1995) . Positive clones were subjected to specificity tests including robust growth in His 2 medium containing 20 mM 3-amino-1,2,4-triazole, high b-galactosidase activity in the presence but not in the absence of the bait construct and absence of interaction between the prey construct and laminin or Son-ofsevenless (SOS) negative control constructs. The identity of the isolated clones was established by nucleotide sequencing. Sequencing of the insert of the positive clones revealed that they encode the C-terminal half of vimentin (from residue 200) fused in frame to the GAL4 activation domain. Plasmids encoding, in addition to Src or ACK, a Gal4 DNA-binding domain fused to either wild-type SptP or to a substratetrapping derivative of YopH (YopH C403S ) were constructed according to standard recombinant DNA techniques.
Purification of GST fusion proteins and GST pull-down assays
GST fusions to full-length wild-type SptP or catalytically inactive SptP D441A were purified as described previously (Fu and Gala Â n, 1998) using glutathione Sepharose 4B beads (Pharmacia). After elution of the fusion protein from the beads using glutathione, the proteins were concentrated using Centricon 30 concentrators (Amicon), exchanged into phosphate-buffered saline (PBS) with 1 mM dithiothreitol (DTT) and stored at 2808C. GST pull-down assays were carried out as described previously (Zhou et al., 1999b) . Vimentin was visualized by Western blotting and enhanced chemiluminescence (Pierce) using goat anti-vimentin antibody (Sigma) and rabbit anti-goat antibody conjugated to horseradish peroxidase (Sigma).
